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1. Introduction

The main goal of the project was to conduct research that can lead to the
improvement of high- resolution weather forecasting. Our research plan to
achieve this goal called for the development of an ensemble based Kalman
filter data assimilation system. Such a system can improve forecasts by
providing a highly accurate estimate of the atmospheric state (an analysis)
and an ensemble representation of the uncertainty in the analysis. The
analysis serves as the initial condition of a deterministic forecast, while
the analysis provides initial conditions for the generation of an ensemble
of forecasts. This ensemble provides an estimate of the uncertainty in the
deterministic forecast and it can also be utilized to derive probabilistic
forecast products.

We achieved our goal by developing the Local Ensemble Kalman Filter, a
model independent ensemble data assimilation system. We implemented
this system on the Global Forecast System (GFS) of the National Centers
for Environmental Prediction (NCEP), on the Finite- Volume Global
Circulation Model (Fv-GCM) of the NASA Goddard Space Flight Center, and
on the Regional Spectral Model (RSM) of NCEP. These three forecast
systems are state- of- the- art operational forecast models and one of
them, the NCEP RSM, can also be integrated at very high spatial resolutions
in a non- hydrostatic mode. With these implementations, our major
objective was to prove the concept of an accurate, computationally
efficient and model independent ensemble Kalman filter system (algorithm
and computer code).

In this report we summarize the main concept and features of the LEKF
(Section 2). We provide a brief summary of the results of our experiments
with the global forecast models (Section 3) and the regional forecast model
(Section 4). A list of papers (Section 5) and list of talks on our ARO
sponsored research are also included.

2. The LEKF data assimilation system
A detailed description and mathematical justification of the different

components of the LEKFscheme can be found in Ott et al. (2002, 2004).
Our current implementation of the computer code is based on Hunt



(2005), which is essentially a mathematically optimized version of the
concept and algorithm described in Ott et al. (2004). This latest version of
the scheme is called Local Ensemble Transform Kalman Filter (LETK). Our
implementation also includes a 4- dimensional treatment of the
observations described in Hunt et al. (2004). We are currently in the
process of implementing another extension of the algorithm to
compensate for the effects of model errors (Baek et al. 2005).

The most important unique feature of the LEKFis that it obtains the
analysis and the estimate of the uncertainty in the analysis independently
for each model grid points. The advantage of this approach is twofold.
First, the preparation of the analysis for the different grid points can be
easily distributed between many processors. Second, the amount of the
mathematical calculations and data that each processor has to handle
becomes modest if a sufficiently large number of processors is available.
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Figure 1. Error in the analysis of the zonal component of the wind at the 300 hPa
pressure level. Shown is the 45- day (180 analysis cycles) mean of the absolute
value of the error. The analysis is based on simulated observations at the real
observational locations. Streamlines based on the 45- day mean of the 'true’ zonal
wind in is also shown. The analysis errors are significantly lower in the areas where
the observational coverage is dense, e.g., in the densly populated part of North
America.



3. Implementation on the global circulation models

The initial implementation of the LEKFon the NCEP GFS was described in
Szunyogh et al. (2005). With the exception of the resolution that we
reduced to T62 (about 150 km in the extratropics) in the horizontal and to
28 levels in the vertical, the model was identical to the operational version.
In Szunyogh et al. (2005), we evaluated the implementation of the data
assimilation scheme by assimilating simulated observations at randomly
selected grid- point locations. The results demonstrated that the scheme
was both accurate and computationally efficient. Encouraged by the
positive results of these experiments, we then assimilated simulated
observations at the locations of the real observations operationally
assimilated by NCEP (the National Weather Service).

We assimilated observations at the location of all operationally assimilated
observations except for the satellite radiances. (Currently, the forward
observational operators that are needed for the assimilation of satellite
radiances are not implemented in the code. We hope to start implementing
the forward operators in the near future). But, we assimilated all satellite
derived wind observations, all observations collected by commercial
airliners and reconnaissance planes, rawinsonde data, etc. As an example,
we show the error in the zonal wind analysis for the 300 hPa pressure
level. It can be seen that the analysis is highly accurate in and downstream
of the regions of high observational density.
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Figure 2. Analyses of the geopotential height of the 500 hPa pressure level.
Shown are the high resolution operational NCEP analysis (black contours) and the
lower resolution LEKF analysis (red contours). There is a good agreement between
the analyses of the main synoptic features. We note that satellite radiences are
assimilated only in the operational cycle.



We also found the system to be computationally highly efficient: the
assimilation of an operational data set collected for a six- hour period
takes between 10 and15 minutes on a cluster of 20 2.8 GHz Xeon
processors, a machine which had a market value of less than $200k in
2003.

Encouraged by the positive results obtained with simulated observations
at realistic observational location, we have started experiments with real
observational data. The preliminary results are very encouraging. An
example is shown in Figure 2, where the LEKFanalysis, obtained at T62
28- level resolution, is compared to the operational analysis of NCEP,
which has T256 horizontal resolution (about 50 km in the mid- latitudes)
and 54 vertical levels. Also, the operational analysis uses alarge number
of satellite radiances that are not included in the LEKF analysis.
Nevertheless, the LEKF analysis closely resembles the NCEP analysis, which
IS a very encouraging results in this early phase of tuning for real
observations. We are currently working on a verification package that will
allow for the comparison of short term forecast errors for the two systems
using observational information for verification.
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Figure 3. Time mean of the RMSerror of zonal wind (A) and temperature (B)
averaged over Northern Hemisphere (the blue line is the error for PSAS, and the
red line is the error for the LETKF) with simulated rawinsonde observation
assimilation.



As mentioned earlier, the LEKF has also been implemented on the FvGCM
model of NASA. The results are summarized in Liu (2006). The results of
the validation experiments with this system and simulated grid point
observations were in good agreement with those for the NCEP GFS. In
addition, we carried out experiments with simulated rawinsonde
observations. Since we have had access to the operational PSAS data
assimilation system of NASA, we are able to assimilate the same simulated
rawinsonde observations with both the LEKFand PSAS. Detailed results of
this comparison are presented in Liu (2006). Here, we only show an
example for the vertical distribution of the errors in the two systems
(Figure 3). It can be seen that the LEKFanalysis is considerably more
accurate than the PSAS analysis throughout the troposphere.

4. Implementation on the regional model

A summary of the results obtained with our initial implementation of the
LEKFon the NCEP GFSis provided in Merkova (2005). In this initial
implementation of the scheme the regional analysis is not cycled, i.e., the
initial conditions of the regional background analysis are those obtained
with the global analysis cycle. In Merkova et al. (2005), we show results
that were obtained for simulated observations at model grid- points. The
large- scale analysis is based on observations collected at randomly
selected grid- point of the sparser global model grid, while the regional
analysis is based on observations collected at randomly selected grid-
points of the high resolution regional grid (the resolution of the grid is 50
km in the experiments).
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Figure 4. Analyses of the geopotential height of the 500 hPa pressure level.
Shown are the true state of regional model NCEP RSM (black contours) and the
LEKF analysis of the regional model (red contours).



We are currently working with simulated observations taken at the real
observational locations. An example for our preliminary results is show in

Figure 4.

Based on our experience with the global model, we expect that the
transition from using simulated observations at real observational
locations to real observation location will be relatively easy. We are also
working on an implementation in which both the global and the regional
data assimilations are cycled.
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